A radiotracer technique was used to study the removal of Hg(II) ions from aqueous solutions by polyaniline. It was shown that an increase in the concentration of the adsorptive (10 −7 -10 −2 M), temperature (303-333 K) and pH (ca. 3-10) enhanced the removal of these ions. The first-order uptake of Hg(II) ions conformed to the Freundlich and Dubinin and Radushkevich (D-R) isotherms over the entire adsorptive concentration range (10 −7 -10 −2 M), whereas the Langmuir isotherm was followed only at moderate concentrations. Thermal data showed that this process was endothermic in nature. The radiation stability of polyaniline was also investigated by exposing it to an 11.1 GBq (Ra/Be) source associated with a γ-dose of 1.72 Gy/h. Irradiation had practically no significant effect on the adsorption capacity of polyaniline. Desorption experiments showed that the process of Hg(II) ion adsorption by polyaniline was almost irreversible and chemisorptive in nature.
INTRODUCTION
The high level of toxic heavy metals present in the environment produces significant adverse effects not only to plants and animals but also to human beings, due to their toxicity and nonbiodegradability (Subramaniam et al. 1987; Volesky 1992) . These toxic heavy metals are introduced into the environment as waste materials from industrial effluent and human activities. The prescribed limit of 0.001 ppm for mercury is the lowest for all heavy metal ions (Mertz 1981) . Thus, to protect plants, animals and human beings from their adverse effects, it is necessary to remove these toxic metal ions from municipal and industrial effluents before their discharge into natural water bodies or onto land. Although a large number of separation methods are available, the process of adsorption is the most versatile and plays a significant role in the removal of heavy metal contamination from water bodies (Stankovic et al. 1990 ; Krishnan et al. 1987) . Several polymers, clay minerals, dead biomass and metal oxides have been used as adsorbents (Mishra et al. 1996; Volesky 1988; Mocka et al. 1979) .
The radiotracer technique has been used to study the adsorption of aniline onto platinized platinum from its solution in sulphuric acid (Spitsyn et al. 1991) . It was found that the process involved chemisorption. The adsorption of aniline onto polyaniline was observed through the use of labelled atoms, from which it was shown that the adsorption kinetics were determined by the polymer synthesis process. The binding and release of metallic cations by redox-active polyaniline-polystyrene sulphonate resin has been reported recently (Jerome et al. 2000) .
Electrochemical control of the binding of metal ions such as thorium, lanthanum and uranium cations, particularly in terms of reversibility and efficiency, has been compared with that promoted merely by pH variation. Radiotracer techniques have been used in conjunction with electrochemical polymerization to follow the motion of counter-and co-ions during electro-polymerization and the direct investigation of the sorption process (Gyorgy and Gyorgy 1989) . A composite of consisting of organic conductors and anionic-type insulating polymers, described as a 'chargecontrollable membrane' with cation-exchange properties, has been shown to have considerable application for water deionization (Penner and Martin 1986; Shimidzu et al. 1986 Shimidzu et al. ,1987a Bidan and Ehui 1989) .
Ion sorption by a polyaniline film was investigated using labelled atoms ( 14 C and 35 S) for aniline and sulphuric acid, respectively, by means of a radiotracer method (Spitsyn and Andreev 1989) . The adsorption of SO 2− 4 and HSO − 4 ions onto polyaniline was controlled by protonation and doping of the polymer, but irreversible oxidation of polyaniline at potentials higher than 0.8 V vs. SHE was accompanied by a decrease in the proportion of anions sorbed, thereby suggesting the creation of anionic active centres on the polyaniline surface. Such highly oxidized polyaniline could be a good adsorbent for the removal of toxic heavy metal cations, such as mercury, lead, etc., from aqueous solution.
In the present work, studies were made of the adsorption behaviour of Hg(II) ions from aqueous solutions onto polyaniline as a function of concentration, temperature and pH of the bulk medium. Desorption studies of pre-adsorbed species in Hg(NO 3 ) 2 bulk solution (1.0 × 10 −5 M) and the effect of irradiation on polyaniline were also undertaken.
EXPERIMENTAL
Polyaniline was synthesized by the chemical oxidation of aniline using ammonium perdisulphate as an oxidizing agent in acidic medium (Trivedi 1994) . The yield of polymer was very high (ca. 70%) and the material generated did not melt on heating up to 573 K. X-Ray studies undertaken using a Philips PW 1729 X-ray diffractometer established that the synthesized polyaniline was amorphous. Scanning electron microscopy (SEM) of the synthesized polyaniline showed that the polymer surface was globular (Dhawan et al. 2001) . The IR spectrum of the polymer as a KBr disc was recorded over the wavelength range 4000-400 cm −1 using a JASCO (FT-IR 5300) infrared spectrophotometer.
Sorption measurements
The radiotracer 203 Hg (t 1/2 = 47.0 d, specific activity = 4.30 ± 10% mCi/g in dilute HNO 3 ) was obtained from the Board of Radiation and Isotope Technology (BRIT), Mumbai, India, and used for labelling adsorptive solutions. Such solutions were prepared by dissolving mercuric nitrate (Aldrich A.R. grade) in doubly distilled water and standardizing by an EDTA titration method (Flascha 1964) . Solutions of varying mercuric nitrate concentration (10 −2 to 10 −7 M) were prepared by successive dilution of the stock solution (1.0 × 10 −1 M).
The variation in the rate of adsorption with time was studied by taking 10.0 ml of an adsorptive solution of desired concentration and pH, and labelled with 203 Hg, placing the same in a centrifuge tube and equilibrating with 100 mg of polyaniline. The γ-activity of the aliquots withdrawn at regular intervals of time before and after addition of polyaniline was measured using an end-window GM counter (ECIL-1660). The amount adsorbed (a t ) at a given time t and the percentage adsorption (P) were estimated from the following equations:
(1)
(2)
The percentage desorption was calculated from the relationship:
(3)
In these relationships, A 0 and A t are the radioactivity of the adsorptive solution at zero time and time t, respectively; c is the initial concentration of the adsorptive solution (mol/l); V is the total volume (l) of the adsorptive solution; m is the mass of adsorbent (g) employed; A 2 is the radioactivity of the desorptive solution; and A 1 and a e are the radioactivity of the adsorptive solution and the amount adsorbed at equilibrium, respectively.
RESULTS AND DISCUSSION

Effect of concentration
The adsorption of Hg(II) ions onto polyaniline as a function of time at various concentrations (10 −7 -10 −2 M) is shown in Figure 1 . It can be seen from this figure that the uptake of Hg(II) ions was initially fast, with most of the Hg(II) ions being adsorbed within the first few minutes. Complete equilibrium between the two phases was established within 40 min at all the concentrations studied. The results indicate that the amount of Hg(II) ions adsorbed at equilibrium increased from (0.685 ± 0.005) × 10 −8 to (0.365 ± 0.003) × 10 −3 mol/g as the concentration of metal ions increased from 10 −7 M to 10 −2 M. However, a change in the uptake also occurred, viz. the percentage adsorption of Hg(II) ions increased from 36.5% to 68.5% with increasing dilution of the metal ion solution from 10 −2 M to 10 −7 M. This increase in adsorption could be equated with the smaller number of adsorptive species in the system competing for the same number of surface sites.
Adsorption isotherm
Studies of the concentration dependence of Hg(II) ion adsorption onto polyaniline were undertaken over a wide range of concentration (10 −2 M to 10 −7 M) at 303 K and at a constant pH value of 3.8. The results of these studies were fitted to the Freundlich isotherm in its logarithmic form as: log a e = (1/n) log c e = log K
where a e is the amount adsorbed at equilibrium, c e is the equilibrium bulk concentration, and K and 1/n are Freundlich constants corresponding to the adsorption capacity and adsorption intensity, respectively. Figure 2 depicts a typical linear Freundlich plot showing the validity of applying this equation to the present system. The Freundlich constants were evaluated from the slope (1/n) and intercept (log K) of the straight line as 0.89 ± 0.03 and 0.25 ± 0.02 mol/g, respectively.
% Desorption
The fractional value of 1/n indicates that the surface of the adsorbent was heterogeneous with an exponential distribution of energy sites (Benes and Majer 1980; Clark 1970; Sips 1948) . The Langmuir adsorption isotherm (Langmuir 1918) is based on the assumption that there are small discrete equivalent energy sites on an adsorbent surface capable of accommodating one molecule each. The application of this isotherm has been tested in the present work employing an equation of the form:
where c e is the equilibrium ion concentration of the solution (mol/dm 3 ), a e is the amount adsorbed (mol/g) and m and b are the Langmuir constants. The plot of 1/a e versus 1/c e was linear as shown in Figure 3 . The numerical values of the monolayer sorption capacity, m, and the binding energy related to the heat of adsorption, b, were evaluated from the slope and intercept of the plot depicted and were (1.12 ± 0.02) × 10 −7 mol/g and (1.14 ± 0.01) × 10 7 g/l, respectively. To establish whether the adsorption phenomena were either physical or chemical, the Dubinin-Radushkevich (D-R) isotherm (Dubinin and Radushkevich 1947) was applied in the form:
ln a e = ln X m − βε 2
where ε = RT ln[1 + (1/c e )] is the Polanyi potential, X m is the adsorption capacity and β is a constant related to the sub-monolayer region characterized by the D-R isotherm. If β < 0, this is related to the adsorption free energy, E, via the relationship:
The plot of ln a e versus ε 2 for the adsorption of Hg(II) ions onto polyaniline is shown in Figure 4 . The values of β, X m and E obtained from this plot were 0.59 ± 0.03, (4.03 ± 0.07) × 10 2 and 10.88 ± 0.11 kJ/mol, respectively. The numerical value of the adsorption free energy (E) was of the magnitude expected for a chemisorption uptake (Helfferich 1962).
Effect of temperature
The adsorption of Hg(II) ions onto polyaniline was also studied as a function of temperature (303-333 K) with the initial concentration of Hg(II) ions being maintained at 1.0 × 10 −5 M at a pH value of 3.8. The results obtained (Table 1) temperature was increased from 303 K to 333 K. However, the time necessary to attain equilibrium remained virtually unaffected by such a temperature increase. This may have been due either to the acceleration of some originally very slow adsorption steps or to the creation of some new active sites on the adsorbent surface (Hensley 1951) . It is also possible that adsorption occurred via a diffusion process and that this contributed partly to the increasing rate of adsorption with increasing temperature (Ting and Teo 1994). The kinetics of Hg(II) ion adsorption onto polyaniline followed a first-order rate law as required by the Lagergren equation: log(a e − a t ) = log a e -k 1 t/2.303 (8) where a t and a e are the amounts adsorbed per g adsorbent at time t and at equilibrium, respectively, while k 1 is the adsorption rate constant of adsorption. The plots of log(a e − a t ) versus time for the adsorption of Hg(II) ions onto polyaniline were linear (see Figure 5 ), thereby confirming that the rate process was first order. The activation energy for the uptake of Hg(II) ions was calculated from the Arrhenius plot (i.e. a plot of log k 1 versus 1/T) using adsorption data obtained at different temperatures (see Figure 6 ). The value of the activation energy was found to be 12.32 ± 0.31 kJ/mol for the process. This indicates that the attractive forces operating during adsorption were of sufficient strength to allow an uptake 490 R.K. Gupta and Som Shankar/Adsorption Science & Technology Vol. 22 No. 6 to occur even under ordinary conditions. The low value of the activation energy indicated that a non-physical type of adsorption process occurred as was further verified by a desorption study. The enthalpy change for adsorption was estimated from the classical Clausius-Clapeyron relationship:
where K D , ∆H 0 , R and T have their usual meanings. The slope of the straight line obtained by plotting log K D versus 1/T (see Figure 6 ) would be equal to −∆H 0 /2.303R. The enthalpy change thus evaluated was 11.89 ± 0.15 kJ/mol, thereby confirming the process as being endothermic and involving ion exchange (Helfferich 1962).
In addition, the changes in enthalpy and entropy were calculated (as listed in Table 2 ) by using the following equations:
where the symbols have their usual significance. The fact that the value of ∆G 0 (−12.12 ± 0.23 kJ/mol) was negative indicated that the adsorption of Hg(II) ions onto polyaniline was spontaneous in nature. The positive value of ∆S 0 inferred an increase in the degree of freedom of the adsorbate ions on adsorption due to the increased randomness in the system.
Effect of pH
The effect of pH on the uptake of Hg(II) ions at the surface of polyaniline was investigated by adjusting the pH through the use of conc. HNO 3 or NaOH. The initial concentration of Hg(II) ions was maintained at a value of 1.0 × 10 −5 M throughout while the temperature was kept constant at 303 K. It was observed that the uptake of Hg(II) ions increased as the pH was increased 492 R.K. Gupta and Som Shankar/Adsorption Science & Technology Vol. 22 No. 6 Polyaniline has alternating benzenoid and quinoid rings connected by nitrogen (Trivedi 1994), with the nitrogen atoms acting as adsorption sites for H + and Hg(II) ions. Due to competitive adsorption between H + and Hg(II) ions, adsorption of the latter is low at lower pH, but increases as the pH increases. Another important species existing in aqueous solutions over the lower pH range is Hg(OH)NO 3 (Hasany and Chaudhary 1986; Ma et al. 1992) which is also responsible for the comparatively smaller adsorption at lower pH. Thus, a favourable pH range (4.0-7.0) is necessary for the adsorption of Hg(II) ions to avoid the presence of Hg(OH)NO 3 species. Above pH 7, the plateau region obtained indicates that all the active centres responsible for the adsorption of Hg(II) ions were occupied at this stage. A somewhat similar mechanism was also proposed by other workers (Farrah and Pickering 1978; Lopez-Gonzalez et al. 1982 ).
Effect of irradiation
The effect of the irradiation on the removal behaviour of polyaniline towards Hg(II) ions was studied by exposing the polyaniline to an 11.1 GBq (Ra/Be) neutron source having a neutron flux of 3.85 × 10 6 neutron/cm 2 /s, associated with a nominal γ-dose rate of 1.78 Gy/h. The amount of Hg(II) ions adsorbed at equilibrium on the irradiated as well as on the unirradiated polyaniline at 303 K employing a 1.0 × 10 −5 M concentration of adsorptive solution is shown in Table 3 . 
